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A multicommutated ﬂow system for simultaneous determination of
iron and chromium in steel alloys by photometry is described. The
ﬂow network consisted of an automatic injector and four solenoid
valves assembled to form two independent analytical pathways,
each one comprisingreaction coils and a ﬂow cell. The lig ht source
(LED) and detector (photodiode) were attached to the ﬂow cells
to form a compact unit. The ﬂow system was microcomputer
controlled by Quick BASIC 4.5 software, which carried out all
steps of the analytical procedure. The feasibility of the system was
proved by the determination of iron and chromium in steel alloys
and its accuracy was accessed by comparingresults with those
obtained by plasma atomic emission spectrometry (ICP-AES).
No signiﬁcant diﬀerence at the 95% conﬁdence level was observed.
Other proﬁtable features such as low reagent consumption
(0.33mg1,10-phenantroline and 0.03mg1,5-diphenylcarbazide
per determination); relative standard deviations (n¼5) of 0.4%
for iron and 1.2% for chromium; and an analytical throughput of
160 determinations perh were also achieved.
Introduction
The simultaneous determination of two or more analytes
at a time by ﬂow-injection analysis became very attrac-
tive after the work proposed by Stewart and Ruzicka
(1976) [1]. Afterwards, a large number of ﬂow pro-
cedures for multiparameter determination per sample
using diﬀerent detection techniques have been described
[2–6].
When a multidetermination ﬂow system is implemented
using UV-Vis spectrophotometry as the detection tech-
nique, the reagents’ incompatibility is one diﬃculty that
may appear. This drawback has been surmounted by
designing ﬂow systems based on merging zones [2, 3] or
on sandwich-technique approaches [4]. When analytes
compound absorb radiation at the same wavelengths, the
ﬂow networks have been designed to determine each
analyte at a diﬀerent time [5]. On the other hand, if
chemical species absorb at a diﬀerent wavelength, simul-
taneous determination had been carried out, nevertheless
equipment with the ability to sweep automatically the
wavelengths have been employed [6, 7].
A light-emitting diode (LED) has been employed as a
radiation source in some photometric procedures, its
advantages being robustness and low current consump-
tion [8, 9]. Nevertheless, depending on the LED type, the
width of the emission band can range from 30 to 100nm
[10–13]. However, by carefully selecting the methods,
LEDs can became a good option as a radiation source in
ﬂow system when multidetermination is performed with
photometric detection employing non-expensive instru-
mentation [14–17].
The ﬂow network for multicomponent determination can
became complex, mainly when the selected spectro-
photometric methods required two reagent solutions per
analyte [3, 18]. This diﬃculty can be minimized by
employing the multicommutation approach that allowed
facilities to handle several reagent solutions using a single
pumping channel [19, 20].
In the present work, the intention is to develop a photo-
metric ﬂow set-up for the determination of two analytes
at the same time using LEDs as the radiation source and
a photodiode as the detector. The ﬂow network was
designed based on the multicommutation approach [21,
22], which aimed to implement a compact and inexpen-
sive ﬂow system for simultaneous determination of iron
and chromium in steel alloys, also presenting a low
reagent consumption, which is an inherent feature of
the multicommutated ﬂow system [22, 23]. As chromo-
genic reagents, 1,10-phenantroline and 1,5-diphenylcarb-
azide were selected for iron and chromium, respectively.
Experimental
Reagents, standards and samples
All solutions were prepared with analytical-grade re-
agents, and freshly distilled and deionized water was
used throughout.
A 0.06% (w/v) 1,5-diphenylcarbazide solution was pre-
pared by dissolving 0.06g in 2ml 96% (v/v) ethanol and
making the volume up to 100ml with water. This sol-
ution, which was stored in refrigerator, could be use for at
least 1 week. Before use, a 20-ml aliquot was equilibrated
to laboratory temperature.
A 0.25% (w/v) 1,10-phenantroline solution was prepared
by dissolving 0.5g in 100ml of hot water (ﬃ708C). After
cooling to room temperature, the volume was made up to
200ml with water. This solution was stable by 1 week.
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1A 0.5 moll
–1 hexamine buﬀer solution, pH 4.9, was
prepared by adjusting the pH with HCl.
A 1.0% (w/v) ascorbic acid solution was prepared by
dissolving 0.5g in 50ml on the examine buﬀer solution.
This solution was prepared every day.
A 1000mgl
–1 iron(III) stock solution was prepared by
dissolving 1.0g metallic iron in 10ml concentrated HCl
plus 10ml HNO3 concentrated. After dissolution, the
volume was made up to 1000ml with water. Working
standard solutions 0, 5, 15, 30, 60, 90 and 120mgl
–1
Fe
3+ in 0.5moll
–1 HCl medium were prepared by
appropriated dilution from the stock solution.
A 1000mgl
–1 chromium(VI) stock solution was prepared
by dissolving 3.7535g potassium dichromate in 1000ml
water. Working standard solutions 0, 5, 15, 30, 45, 60 and
75mgl
–1 Cr
6+ in 0.5 moll
–1 HCl medium were prepared
by appropriated dilution from the stock solution.
Sample solutions for iron and chromium determination
were prepared as described by elsewhere [5].
Apparatus
The equipment set-up consisted of two LEDs-based
photometers constructed to implement the work; an
IPC8 Ismatec peristaltic pump furnished with Tygon
tubes; a home-made automatic commutator injector with
two commutation sections, which was controlled by
means of two solenoids attached to its sliding bar [21];
four 161T031 three-way solenoid valves (NResearch,
Stow, MA, USA); a 486 microcomputer equipped with
a PCL711S interface card (American Advantech, San
Jose, CA, USA); and a home-made electronic interface to
match voltage and current intensities required to switch
on the commutator injector and solenoid valves [18].
Reaction coils and ﬂow lines were of polyethylene tubing
(i.d.¼0.8 mm).
The ﬂow system was controlled by the microcomputer
running a software written in QuickBasic 4.5, which was
designed to carry out all steps involved in the proposed
analytical procedures comprising solutions handling and
data acquisition.
Detection system
A block diagram of the LEDs-based detectors is shown
in ﬁgure 1. The two LEDs (L1,L 2) employed as the
radiation source presented a maximum wavelength at
560nm (half wide  50nm). The maximum absorption of
the compounds of iron and chromium occurred at 520
and 536nm, respectively, thus presenting a good overlap
with the emitted radiation band.
The photodetectors (Det1, Det2) were based on the
photodiode supplied by RS Data Library (Catalogue
No. RS 308-067). Each detection set-up had an LED,
ﬂow cells (F1,F 2) with 10mm optical length and 100ml
inner volume, and a photodiode. These devices were
assembled in a black acrylic block forming compact
units. Both photometers presented similar physical struc-
tures and the electronic diagram is shown in ﬁgure 2. The
operational ampliﬁer (741) was assembled to work with
unitary gain in order to provide the impedance marriage
and to allow the baseline adjusting. The analytical signal
was the potential diﬀerence between pin 2 and the 8.2V
set to pin 1 as reference, which was supplied by the Zener
diode in series with the 3.3k resistor. The reference
potential (8.2V) was also used by means of the variable
resistor (R) to adjust the value of the baseline meas-
urement. The LED emission intensity was adjusted by
controlling the current intensity applied to the base of the
transistor (BC547). High radiation intensity can saturate
the detector, thus causing a hindering of its response, by
other hand, an excessive reduction of the radiation
intensity decreased its linear response range.
The signals generated by the photometers were read by
the microcomputer through the analogue input of the
PCL711S interface card. This task was done by coupling
the output of the operational ampliﬁer (741) of the
photometers (F1,F 2) to the A0 and A1 analogue inputs
of the interface card, which were selected by software
using the interface analogue multiplex. The control
software was developed to carry out the handling of
the sample and reagents solutions and to perform data
acquisition as indicated on its ﬂow chart shown in
ﬁgure 3.
Flow diagram and experimental variables
The ﬂow network was designed to implement the multi-
commutation and binary sampling approaches and the
ﬂow diagram is shown in ﬁgure 4. When the software was
run, it request the actual values of the system control
variables summarized in table 1. Afterwards, all the steps
in the analytical process were carried out without any
operator assistance.
Figure 1. Bloc diagram of the photometers. L1,L 2, light-emitting
diode (LED),  ¼560nm; F1,F 2, ﬂow cell, 10mm path length,
100l inner volume; Det1, Det2, phototransistor; AD0,A D 1,
input of the analogue/digital interface card; Ii, Io, radiation
intensity.
Figure 2. Electronic diagram of the photometer. Ft, photodetec-
tor; Catalogue No. RS 308-067.
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2Initially, all solenoid valves were switched oﬀ (ﬁgure 4)
and the carrier solutions (C1,C 2) were ﬂowing by
aspiration through the valves (V3,V 4) and reaction
coils (B2,B 3) towards the detectors (Det1, Det2). The
software was designed to work following the sequence
depicted in the valves timing course of ﬁgure 1, i.e. the
basic strategy of the binary sampling concept [19–23]. To
begin the analytical process, the microcomputer sent
through the PCL711 interface card a control signal to
displace the injector-sliding bar to the sampling position
(ﬁgure 4). This was done by switch on during a time
interval (di¼1s) one of the solenoids attached to the
injector sliding bar [21]. Afterwards, valves V1 and V2
were switched on/oﬀ several times as indicated in the
valves’ timing course. This was done to maintain the time
intervals as deﬁned in table 1. When valve V2 was
switched on, the carrier solution stream (C2) was halted
and the sample solution (S) ﬂowed through this valve
and coil B1 towards the sampling loop L2. When valve V1
was switched on, the stream of solution sample (S) was
halted and the reagent solution (R1) ﬂowed through this
valve towards the sampling loop L1. When valves V1 and
V2 were switched oﬀ, the initial solutions ﬂowed again.
Henceforth, an on/oﬀ valve switching will be referred as
a sampling cycle. A sampling cycle was repeated several
times to ﬁll the sampling loops. Under this condition,
sampling loops L1 and L2 were loaded with strings
comprising sample slugs in tandem with slugs of reagent
solution R1 and carrier solution C2, respectively. After
the sampling step had been completed, the injector
sliding bar was displaced to the injection position
(hatched surface) by powering the other solenoid at-
tached to injector sliding bar [21]. Afterwards, the
solenoid valves V3 and V4 were switched on/oﬀ several
times (table 1) to insert into the reaction coils B2 and B3
a sequence of sample slugs in tandem with slugs of the
reagent solutions R2 and R3.
Mixing of the solutions occurred while the sample zones
were displaced by the carrier solutions towards the
detectors Det1 and Det2. The signals related to chromium
and iron concentrations were read by a mean of the
PEL711s interface card coupled to the detector outputs
as a time function and stored for further treatment to
determine the concentration of the analytes. While this
task was in progress, the data were also displayed on the
Figure 3. Flow chart of the software.
Figure 4. Flow diagram of the system. The three-rectangular
surface is an overview of the injector. The hatched area is the
alternative position of the slidingbar (central part) and the
dashed lines are inner holes; V1,V 2,V 3,V 4, three-way solenoid
valves, solid lines into the valves symbols were the ﬂuid pathway,
while valves were oﬀ and dashed lines were the alternative pathway
when valves were switched on; L1,L 2, samplingloops, 25 and
8cm long, respectively; B1, dilution coil, 25cm long; B2,B 3,
reaction coils, 100cm long; Det1, Det2, photometers; Bp,
peristaltic pump; C1, carrier solution for iron determination, 0.5
moll
–1 hexamine buﬀer solution at pH 4.9; C2, carrier solution for
chromium determination, 0.5 moll
–1 HCl; W, waste; R1, 1.0%
ascorbic acid solution; R2, 0.06% (w/v) 1,5-diphenylcarbazide
solution; R3, 0.25% (w/v) 1,10-phenantroline solution. T1,T 2,
T3,T 4¼valves V1,V 2,V 3,V 4 timingcourse; d, injector
displacement; SL, sample loadingstep; R l, reagents’ loading step;
SR, signal reading step. Sampling loops, coils and ﬂow lines were
of polyethylene tubing, 0.8mm i.d. The high level of the timing
course line indicates that the related valve was switched on.
Table 1. System control variables.
Step
Valve
Cycle
Time
duration (s) V1 V2 V3 V4
Sampling/Cr 0 I 0 0 4 0.2
0000 0 . 2
Sampling/Fe I 0 0 0 10 0.2
0000 0 . 2
Insertion/Cr 0 0 I 0 10* 0.2
0000 0 . 2
Insertion/Fe 0 0 0 I 20* 0.2
0000 0 . 2
Data acquisition 0 0 0 0 25
Symbols I and 0 indicate valves switched on and oﬀ,
respectively.
*Number of reagents’ slugs inserted in the sample zones.
R. N. Fernandes et al. Automatic flow system and photometry
3microcomputer screen while the analytical process was
run. The data acquisitions were carried out by sharing
the analogue/digital converter of the PCL711 interface
card, which aﬀord facilities to read up to eight analogue
signals sequentially. Afterwards, the sliding bar of the
injector was displaced to the initial position to begin the
next analytical run.
The experimental variables such as the pumping ﬂow
rates, the time intervals to switch the solenoid valves on/
oﬀ, the sampling cycle number to load the sampling
loops, the time interval to read the analytical signals
(table 1) were settled before the start of the experiment.
After the experimental variables had been established,
iron and chromium were simultaneously determined in a
set of steel alloy samples.
Results and discussion
As depicted in the valve timing regime in ﬁgure 4, during
the sampling step for chromium determination, the
solenoid valve V2 underwent an on/oﬀ switching se-
quence. As indicated in table 1, these time intervals were
both ﬁxed at 0.2 s. The ﬂow rate was maintained at
33.3mls
–1, thus when a sampling cycle was carried out
(one on/oﬀ valve switching), a sample slug of 6.6ml was
inserted into the dilution coil B1, and afterwards a carrier
solution slug with equal volume was inserted while valve
V2 was maintained oﬀ. Taking into account the con-
centration range of chromium, the sampling loop L2 and
dilution coil B1 were settled at 8 and 25cm (40 and
125ml), respectively. To assure the appropriated dilution,
four sampling cycles were carried out. Under this con-
dition, a sample solution underwent a dilution >50%,
which was required to match the sample concentration
with the linear response range of the photometer. The
reagent solution (R2) was added to the sample zone by
switching valve V3 on/oﬀ 10 times. As in the sampling
step, the time intervals (on/oﬀ) were both ﬁxed at 0.2 s,
therefore a volume of 66ml 1,5-diphenylcarbazide was
used per determination.
For iron determination, the length of sampling loop L1
was ﬁxed at 25cm (125ml) and the time interval to
switch valve V1 on/oﬀ was settled at 0.2s. The ﬂow
rate was maintained at 33.3mls
–1. Thus, to ﬁll the
sampling loop L1, 10 sampling cycles were carried out.
Under this condition, the reaction to reduce Fe
3+ ions to
Fe
2+ occurred during the sampling step. The 1,10-
phenantroline solution (R3) was added to the sample
zone by switching valve V4 (on/oﬀ) 20 times, thus
inserting a solution volume of 132ml.
As can be seen in the ﬂow diagrams (ﬁgure 4), the two
systems were assembled employing the same injector,
nevertheless the ﬂow pathways were completely indepen-
dent allowing simultaneous solutions handling for both
analytes. The control software was designed to read
the signals generated by the photometers Det1 and Det2
sequentially. The analogue-to-digital converter of the
PCL771S interface card presented a converting time of
25ms. Thus, when considering this feature, the software
was designed to read each photometer continuously for
200 times. In this sense, each datum stored and displayed
on the computer screen (ﬁgure 5) was the average of
200 sequential readings of each photometer. Considering
other computer tasks related to data acquisition, such as
average calculation and datum save, the time interval
spent was <50 ms. In this sense, each peak proﬁle
shown in ﬁgure 5 was plotted using at least 200 meas-
urements.
Both photometers presented good stability (ﬁgure 5)
characterized by relative standard deviations (RSD) of
0.4% for iron and 1.2% for chromium. Apart from these
recorders, one can deduce that an analytical throughput
of 160 determinations perh was achieved.
The feasibility of the system was ascertained by pro-
cessing a set of steel alloy solutions yielding the results
shown in table 2. Accuracy was assessed by comparing
the results with those obtained with induced coupled
argon plasma atomic emission spectrometry (ICP-AES),
and no signiﬁcant diﬀerence at the 95% conﬁdence
level was observed. Others proﬁtable features—such as
linear response, which ranged from 5.0 to 75.0mgl
–1 for
chromium (R¼0.997) and from 5.0 to 120.0mgl
–1 for
iron (R¼0.998); and low reagent consumption, 32 and
330mg per determination for chromium and for iron,
respectively—were also achieved.
Table 2. Comparison of results.
Sample
Iron (%) Chromium (%)
Proposed
System ICP-AES
Proposed
System ICP-AES
1 28.62 0.42 28.70 0.03 32.86 0.3731.90  0.07
2 16.38 0.10 15.90 0.08 57.82 0.53 56.70 0.09
3 29.38 0.74 28.90 0.01 61.28 0.63 58.01 0.01
4 36.82 0.2735.90  0.08 46.66 0.45 46.40 0.26
5 63.07 0.60 62.00 0.12 14.41 0.23 15.90 0.06
Results are the average of three sequential measurements.
Figure 5. Recorder tracing. The sets (a) and (b) refer to iron
(100mgl
–1) and chromium (100mgl
–1) determination, respect-
ively.
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4Conclusions
The system is very simple to build and easy to use. The
control software carried out all steps of the analytical
procedure following the set of parameters previously
decided upon (table 1). Considering the following par-
ameters, the results were comparable with those obtained
by ICP-AES: a high throughput capability, a low
reagent consumption, a linear response range for the
photometers and robustness, and it can be concluded
that the system is appropriated for use in routine analysis
laboratory.
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